INTRODUCTION
All nematodes, both parasitic and free-living, develop according to a single pattern whereby a larva molts four times before the nematode becomes sexually matured. The life cycles in parasitic nematodes evolve towards elimination of free-living stages to enhance the parasite's reproductive success. Developmental cycles of the majority of anisakid nematodes are, however, complex and may involve even several intermediate and paratenic hosts.
The nematode Contracaecum rudolphii Hartwich, 1964 (family: Anisakidae; genus: Contracaecum) is a cosmopolitan parasite of piscivorous birds (Abollo et al. 2001 , Torres et al. 2005 , Dziekońska-Rynko & Rokicki 2008 , Kanarek 2011 . In Europe, the definitive hosts of the parasite are mainly cormorants (Phalacrocorax carbo, Ph. aristotelis) and sea ducks (Mergus merganser and M. serrator). The nematode prevalence in cormorants is very high and increases with the age of birds (Kuiken et al. 1999 , Kanarek 2011 . There have been very few publications on the life cycle of this nematode. Thomas (1937a, b) found that C. rudolphii in the USA goes through a simple cycle, while Huizinga (1966) suggested that freshwater and marine copepods are its paratenic hosts. Mosgovoy et al. (1968) , in their study on the life cycle of C. rudolphii, found many of the invertebrates surveyed in Krasnodarsky Kray and Azarbaijan (oligochaetes, crustaceans, molluscs) to be paratenic hosts, the larval odonates (dragonflies) Coenagrion and Agrion acting as intermediate hosts.
According to Bartlett (1996) , among the invertebrates studied in Canada, the intermediate host is the harpacticoid copepod (Tigriopus sp.), while gammarids (Gammarus sp.) are the paratenic hosts. The authors' previous research (Dziekońska-Rynko & Rokicki 2007) demonstrated that, among planktonic organisms, only cyclopoid copepods could be the first intermediate hosts of the nematode in northeastern Poland, and that they became infected by free-living nematode larvae. Moravec (2009) claimed that the developmental cycle of C. rudolphii may proceed without intermediate hosts (monoxenic development). The aquatic invertebrates (Copepoda, aquatic Isopoda, Amphipoda, and Ostracoda) serve only as paratenic hosts, and as such are theoretically indispensable for the completion of the life cycle.
There has been no published data on the role of larvae of aquatic insects (benthic organisms) in the life cycle of Contracaecum rudolphii. Under natural conditions, benthic invertebrates may come into contact with the nematode eggs, expelled with cormorant feces and subsequently sinking to the bottom. According to Szostakowska and Fagerholm (2007) , eggs of C. rudolphii may be a source of infection for some fish.
The aim of the study described in this paper was to determine the availability of Odonata and Trichoptera larvae to different stages of Contracaecum rudolphii. The results obtained may help to understand the role of aquatic insect larvae in the life cycle of the studied nematode.
MATERIALS AND METHODS
The study was carried out in spring (April, May) and autumn (September, October). Adult nematodes Contracaecum rudolphii were isolated from the digestive tract of cormorants (Phalacrocorax carbo sinensis) obtained from a colony in the vicinity of Ełk (Warmia-Masuria Province, NE Poland). The eggs isolated with a dissecting needle from the terminal part of the uterus of adult nematode females were placed on Petri dishes in 0.9% NaCl. The cultures were kept in a heated chamber at 25°C until freeswimming larvae appeared. The progress in egg development as well as oxygenation of the culture were checked daily.
Dragonfly larvae representing the families Coenagrionidae (C) and Libellulidae (L) as well as Trichopteran larvae (T) were collected from the littoral sediment of Lake Kortowskie and the Łyna River near Olsztyn (NE Poland, 53°46.8′N; 20°27.8′E). In the laboratory, the invertebrates were divided into three experimental groups and one control group, each consisting of 20 individuals. Each group was placed in an aerated aquarium (20 × 30 × 40 cm) at room temperature (about 18°C). The aquaria contained natural sandy substrate and plant remains collected from the bottom of the river. Prior to placing in the aquarium, the sand was sterilized (STRLZY-GMT-103) while plants were repeatedly rinsed with tap water. After one day of acclimatization, the first test groups (C1, L1, T1) were fed once a day for 3 days a suspension containing about 500 free-swimming C. rudolphii larvae, while the other test groups (C2, L2, T2) were fed plankton containing about 200 in vitro infected cyclopoids (prevalence about 45%), according to the procedure described by Dziekońska-Rynko and Rokicki (2007) . The groups C3, L3, and T3 were receiving egg suspension (about 1500 eggs). The control groups were fed at that time a commercially available ornamental fish feed. Further on during the experiment, the fish feed was fed to the test groups as well. A few times a day, the viability and motility of aquatic insect larvae were checked in each aquarium. Dead individuals were removed, divided into 5 parts, and mounted; the mounts were examined for the number of C. rudolphii larvae or eggs in different parts of the body. Two weeks after initiating the experiment, the remaining aquatic insect larvae were dissected and their infection parameters were determined.
In all the experiments, photographs and measurements were taken using an Olympus microscope and were further processed by the Multiscan v.4.2 image analysis system. Table 1 summarizes the data on the intensity and prevalence of aquatic insect larvae infection, location of Contracaecum rudolphii larvae in hosts, and the length of larvae.
RESULTS
The survival rate of the aquatic insect larvae examined in all the test and control groups in both the spring and autumn experiments was 90%. The spring experiment revealed no difference in the prevalence and intensity of infection between coenagrionids infected with free-swimming larvae and infected cyclopoids (C1 and C2, day 14). On the other hand, the autumn experiment showed the prevalence and intensity of infection (day 14) in experiment C2 to be higher than in C1. The lengths (mean±standard deviation) of the C. rudolphii larvae found in the larval coenagrionid bodies 14 days post infection (DPI) were 315.37±58 μm (C1) and 327.47±35 μm (C2) in the spring and 375.45±42 μm (C1), 386.38±74 μm (C2) in the autumn experiment, respectively.
The prevalence of infection in both groups of libellulid dragonflies (L1 and L2) on day 14 post infection (PI) in the spring and autumn experiment was similar and amounted to about 80%. On the other hand, the intensity of infection was markedly higher in the autumn experiment than in the spring one. The C. rudolphii larvae found in the libellulid larvae on day 14 PI measured 384.35±37 μm (L1) and 476.28±45 μm (L2) in the spring experiment and 495.36±43 μm (L1) and 513.20±55 μm (L2) in the autumn experiment. Experiments: C1, L1, T1 − aquatic insect larvae exposed to C. rudolphii larvae Experiments: C2, L2, T2 − aquatic insect larvae exposed to copepods containing C. rudolphii second-stage larvae Experiments: C3, L3, T3 − aquatic insect larvae exposed to C. rudolphii eggs
The nematode larvae isolated from the dragonfly larvae (coenagrionid C1, C2, and libellulid L1, L2) on day 14 PI were spirally coiled, covered with a cuticle molt, and had a partially developed intestinal caecum and ventricular appendix (Fig. 1 A, B) The highest prevalence and intensity of infection, both in the spring and autumn experiments, were recorded in the coenagrionid and libellulid larvae receiving eggs of C. rudolphii (C3, L3). In addition to the larvae, numerous developing eggs and empty egg shells were present on the mounts (Fig. 1 C, D) . The larvae were motile and covered with a cuticular sheath. On day 14 PI the lengths were 267.67±65 μm (C3) and 295.15±65 μm (L3) in the spring and 321. 47±63 μm (C3) and 325.45±63 μm (L3) in the autumn.
In both the spring and autumn experiments, no differences were found in prevalence and intensity of infection between the groups of trichopteran larvae infected with free-swimming larvae and infected copepods (T1 and T2). The nematode larvae isolated on day 14 PI were mostly coiled and covered with a sheath. The highest intensity and prevalence of infection was observed in the trichopterans fed nematode eggs (T3). The larvae isolated 14 DPI in spring and autumn measured 265.38±35 μm and 285.38±56 μm, respectively.
No differences in motility, morphology, and the survival rate were found between the infected and control dragonfly and trichopteran larvae. The control dragonfly and trichopteran larvae contained no larval nematodes.
DISCUSSION
This study demonstrated that, in addition to cyclopoid copepods, isopods, and amphipods, also aquatic insect larvae may serve as intermediate hosts of the Contracaecum rudolphii nematode. Numerous parasites are capable of using the larvae of insects representing the orders Ephemeroptera, Plecoptera, Diptera, Trichoptera, and Odonata as intermediate hosts (Jilek & Crites 1981 , Moravec & Škoriková 1998 , Saraiva et al. 2002 . In this study, the nematode larvae were present in the bodies of the odonates and trichopterans exposed to nematode eggs and freeswimming larvae, as well as in the infected cyclopoids. This may be the evidence of those invertebrates serving the role of the first or second intermediate host for the nematode C. rudolphii. It is most probable that nematode eggs under natural conditions, sinking to the bottom with cormorant feces, are the major source of infection for benthic invertebrates. In the presently reported experiments, the development of C. rudolphii larvae was found to be the fastest in libellulid larvae. During the two weeks, the larvae found in the groups exposed to larvae or infected cyclopoids almost doubled in length. Similar results were reported by Mosgovoy et al. (1968) who insisted that odonate larvae were intermediate hosts for larval C. rudolphii. In their studies, the experimental infection of cormorants was possible only after the birds were treated with larval C. rudolphii isolated from odonate larvae, while attempts to produce cormorant infection by using infected cyclopoids or larvae isolated from infected fish failed. The results obtained in the presently reported study suggest that larval odonates and trichopterans may play a very important role in the life cycle of C. rudolphii. Under natural conditions, in a habitat where nematode eggs are more available than larvae or infected cyclopoids, the abovementioned benthic invertebrates are the first intermediate hosts. In this study, the nematode larvae were more numerous in the bodies of the dragonflies and trichopterans receiving eggs than in the treatments exposed to free-swimming larvae or in infected cyclopoids. That was particularly evident in the libellulid larvae which contained abundant eggs at different stages of development and empty egg shells (Fig. 1 C, D) . Under natural conditions, the libellulid larvae show a stronger association with the benthic environment than the coenagronidae larvae do; the latter are more associated with aquatic plants. Szostakowska and Fagerholm (2007) contend that also fish may be the first intermediate hosts of the nematode. Those authors explained the high infection intensity of the crucian carp with larval C. rudolphii (c. 500 individuals) by the fact that the fish could have consumed mature nematode females. Both the observations reported by Szostakowska and Fagerholm (2007) and those described in this paper may be taken as evidence that eggs, in addition to larvae, are dispersive stages of C. rudolphii, and that the eggs may develop in the intermediate host's intestine.
The possibility of C. rudolphii eggs being the nematode's dispersive stage affecting benthic animals may greatly enhance the parasite's dispersal in the moderate climate zone, where the winter water temperature is close to zero. Anisakid eggs are thinshelled, hence sensitive to environmental conditions. As it was already demonstrated (Huizinga 1966; Dziekońska-Rynko & Rokicki 2007 , 2010 , water temperature oscillating around 4°C inhibits the embryonic development of C. rudolphii, while the temperature of -17°C make the eggs incapable of further development. In the moderate climatic zone, benthic invertebrates may be the major repository of the parasite's eggs.
